Introduction
============

Theoretical studies have extensively hypothesized that sex chromosomes evolved from an ordinary pair of autosomes that acquired a sex-determining role ([@mst035-B62]; [@mst035-B74]; [@mst035-B18]; [@mst035-B2]). According to a widely accepted model, recombination between sex chromosomes is initially restricted in a limited region surrounding the sex-determining gene, and recombination suppression extends along the entire chromosomes---apart from short pseudoautosomal regions. The lack of recombination allows the accumulation of deleterious mutations in the sex-limited chromosome, which in turn leads to the loss of function of genes in the nonrecombining region of this chromosome. Therefore, the suppression of recombination is a crucial step in the process of sex chromosome evolution. Two main hypotheses based on gradual and stepwise models have been proposed to explain the processes of recombination suppression ([@mst035-B74]; [@mst035-B18]), which is thought to occur through several mechanisms and ultimate causes such as sexually antagonistic selection, chromosome inversion, or other chromosomal rearrangements ([@mst035-B33]; [@mst035-B17]; [@mst035-B12]; [@mst035-B73]; [@mst035-B50]; [@mst035-B18]). Despite extensive theoretical studies on sex chromosome evolution, the exact mechanisms and processes of recombination suppression and differentiation are not well understood.

The role of inversions in suppressing recombination between sex chromosomes has been highlighted in empirical studies of several model organisms ([@mst035-B50]; [@mst035-B53]; [@mst035-B97]). These studies implied that distinct clusters of sex chromosomes have suppressed recombination independently at different times, potentially via a series of Y chromosome inversions, which prevent crossing over due to the lack of chromosomal homology ([@mst035-B60]; [@mst035-B1]). For instance, the human X chromosome exhibits at least four evolutionary strata, representing distinct evolutionary histories of recombination suppression ([@mst035-B50]; [@mst035-B86]; [@mst035-B77]; but see e.g., [@mst035-B45]). Similarly, evolutionary strata have been identified in the sex chromosomes of the mouse ([@mst035-B80]), cat ([@mst035-B69]), cattle ([@mst035-B93]), and chicken ([@mst035-B38]; [@mst035-B59]). Because therian and avian sex chromosomes arose up to approximately 200 Ma, their Y or W chromosomes retain only a few active genes and consist mainly of repetitive DNA elements, exhibiting only few clues about their autosomal origin or the processes that resulted in their degeneration ([@mst035-B16]). Therefore, it is not certain whether inversions are the cause of recombination suppression or whether inversions occur as a consequence of ceased recombination ([@mst035-B18]; [@mst035-B98]; [@mst035-B97]). In the case of the plant *Silene latifolia*, inversions are not actually associated with the formation of evolutionary strata; the progression of sex chromosome differentiation is gradual rather than a result of large chromosomal rearrangements ([@mst035-B11], [@mst035-B10]). Given a potential difference in the evolutionary dynamics of sex chromosomes between taxa---particularly between animals and plants ([@mst035-B4])---more studies on several independently evolving Y chromosomes from a wider taxonomic perspective are greatly needed ([@mst035-B97]).

Molecular differentiation of sex chromosomes has been extensively studied using model organisms, mainly focusing on degeneration patterns in paralogous gene sequences shared between the sex chromosomes ([@mst035-B97]; [@mst035-B27]). Recent molecular genetic and cytological analyses have shown diverse evolutionary histories and stages of sex chromosomes across different taxa ([@mst035-B19]; [@mst035-B41]; [@mst035-B65]). Unlike mammals or birds, several lower vertebrates are known to exhibit a rapid turnover of sex chromosomes, which could be achieved by different mechanisms such as the transposition of an existing sex-determining gene to an autosome, the development of a new sex-determining gene on an autosome, or by fusions between an ancestral sex chromosome and an autosome ([@mst035-B99]; [@mst035-B91]; [@mst035-B21]; [@mst035-B76]). Because evolutionarily younger sex chromosomes are expected to be less degenerated, organisms with recently evolved sex chromosomes are suitable to address the initial phases of sex chromosome evolution and thus can be better used to test predicted models for the processes and mechanisms of recombination suppression and differentiation ([@mst035-B2]). In addition, molecular processes of recombination suppression and differentiation can be assessed with recently formed neo-sex chromosomes, in which the newly fused chromosomal regions are expected to be affected by the same evolutionary forces as ancestral regions ([@mst035-B14]; [@mst035-B89]; [@mst035-B16]). Studies on *Drosophila* showed that the neo-Y chromosomes begin to degenerate rapidly once recombination is suppressed ([@mst035-B3]; [@mst035-B6]; [@mst035-B100]). However, little is known about the processes and paces of recombination suppression and differentiation in neo-sex chromosomes in other taxonomic groups.

Comparative analyses of related species or intraspecific variants can provide a time scale to study the process of sex chromosome evolution. Thus far, such analyses have been conducted mainly using interspecific comparisons ([@mst035-B61]; [@mst035-B49]; [@mst035-B76]; [@mst035-B44]; [@mst035-B90]; [@mst035-B45]; [@mst035-B66]). Fish exhibit diverse sex determination and sex chromosome systems ([@mst035-B25]; [@mst035-B57]). Additionally, sex chromosome rearrangements have been found in several fish species ([@mst035-B56]; [@mst035-B20]; [@mst035-B46]). Because of the rapid turnover of fish sex chromosomes, they are presumed to be in the early stages of evolution ([@mst035-B15]; [@mst035-B96]; [@mst035-B49]; [@mst035-B76]). In the stickleback family (Gasterosteidae), closely related species have different sex determination and sex chromosome systems ([@mst035-B76]). Moreover, in threespine sticklebacks (*Gasterosteus aculeatus*), a different sex chromosome system has formed as a result of a fusion between the ancestral Y chromosome and an autosome in the Japan Sea lineage ([@mst035-B47]). This rearrangement has occurred during or after the divergence from the ancestor of other (Pacific and Atlantic) lineages, which is estimated to have occurred approximately 2 Ma ([@mst035-B37]; [@mst035-B39]). However, no chromosomal rearrangements have been found in the Pacific and Atlantic lineages, having diverged from each other within the last 1 My ([@mst035-B63]; [@mst035-B64]; [@mst035-B24]). Because the neo-sex chromosomes of the Japan Sea lineage have recently evolved, they are expected to be at an earlier stage of differentiation than the ancestral sex chromosomes. Comparative analyses of these divergent threespine stickleback lineages provide a framework for understanding the evolutionary dynamics of both ancestral and neo-sex chromosomes, as well as the molecular process of sex chromosome differentiation on a relatively short evolutionary time frame.

A previous study found a high degree of genetic differentiation between sex chromosomes in an Atlantic population of threespine sticklebacks ([@mst035-B82]). Given the rapid turnover of sex chromosomes in stickleback species, sex chromosomes might be evolving rapidly in threespine sticklebacks as seen in the recent formation of a neo-sex chromosome system in the Japan Sea lineage ([@mst035-B47]). In this study, we aimed to investigate the evolutionary dynamics and differentiation processes of both ancestral and neo-sex chromosomes of threespine sticklebacks based on intraspecific comparative analyses with the divergent lineages. The ancestral and neo-sex chromosomes of this species have been identified to correspond to linkage groups (LGs) 19 and 9, respectively ([@mst035-B71]; [@mst035-B47]). We uncovered the physical locations of where genetic differentiation has been achieved in these sex chromosomes using a number of microsatellite markers, which are known to be sensitive in detecting the genetic differentiation and phylogeny of sex chromosomes ([@mst035-B81]; [@mst035-B42]; [@mst035-B92]; [@mst035-B82]). In addition, we explored the evolutionary history of the sex chromosomes based on a phylogenetic approach using nine globally distributed populations. Furthermore, detailed recombination maps were constructed for the ancestral and neo-sex chromosomes and compared with the physical map data to assess the process and pace of recombination suppression and differentiation. On the basis of these analyses, we tested theoretical models to explain the process of sex chromosome differentiation in the early stages of evolution. In particular, we were interested in addressing the question whether recombination suppression and differentiation proceed according to a gradual or stepwise model.

Results
=======

Genetic Differentiation of Sex Chromosomes
------------------------------------------

Chromosome-wide differentiation patterns in LGs 19 and 9 were assessed in three populations (P-SHI, A-HEL, and J-BIW) from the three divergent lineages using 63 loci ([fig. 1](#mst035-F1){ref-type="fig"} and [supplementary tables S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) and [S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) online). In LG 19, male-specific alleles were detected at 11 of 35 loci in P-SHI and A-HEL, and 13 of 31 loci in J-BIW ([figs. 2--4](#mst035-F2 mst035-F3 mst035-F4){ref-type="fig"} and [supplementary tables S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) and [S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) online). Most of these loci exhibited significant *F*~ST~ values between females and males, as well as negative *F*~IS~ values in males ([supplementary tables S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) and [S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) online). In contrast, no heterozygous individuals were found in males at 19 loci in P-SHI and A-HEL and 14 loci in J-BIW, implying male-specific null alleles ([figs. 2--4](#mst035-F2 mst035-F3 mst035-F4){ref-type="fig"} and [supplementary table S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) online). *F*~IS~ values were significantly positive in males at all these loci except for one locus (HSP90B) in A-HEL, at which only one allele was found in males ([supplementary table S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) online). No sex-specific allelic patterns, as well as no differentiation between females and males, were detected at the remaining five loci in P-SHI and A-HEL, and four loci in J-BIW ([figs. 2--4](#mst035-F2 mst035-F3 mst035-F4){ref-type="fig"} and [supplementary tables S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) and [S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) online). These loci were located in the first 2.5 Mb region of LG 19 in all populations. In the 29 loci commonly used for the analyses in the three populations, male-specific alleles and null alleles were observed at identical loci in P-SHI and A-HEL, whereas different allelic patterns were detected at six loci in J-BIW ([figs. 2--4](#mst035-F2 mst035-F3 mst035-F4){ref-type="fig"}). These different patterns were found in a chromosomal region between 4.5 Mb and 12.5 Mb. All the loci located in the last 3.9 Mb region of LG 19 exhibited male-specific null alleles in the three populations ([figs. 2--4](#mst035-F2 mst035-F3 mst035-F4){ref-type="fig"}). The sex-determining locus has been mapped to near this region ([@mst035-B71]). F[ig]{.smallcaps}. 1.Sampling locations of nine study populations. F[ig]{.smallcaps}. 2.Observed heterozygosity (*H*~O~) and *F*~IS~ in females (black) and males (gray) and *F*~ST~ between females and males at 35 loci on LG 19 (left) and at 26 loci on LG 9 (right) in P-SHI. Locus positions are indicated in the physical maps. The blue color represents the loci where male-specific alleles were observed, and the red color indicates the loci where no heterozygous males were found. F[ig]{.smallcaps}. 3.Observed heterozygosity (*H*~O~) and *F*~IS~ in females (black) and males (gray) and *F*~ST~ between females and males at 35 loci on LG 19 (left) and at 26 loci on LG 9 (right) in A-HEL. Locus positions are indicated in the physical maps. The blue color represents the loci where male-specific alleles were observed, and the red color indicates the loci where no heterozygous males were found. F[ig]{.smallcaps}. 4.Observed heterozygosity (*H*~O~) and *F*~IS~ in females (black) and males (gray) and *F*~ST~ between females and males at 31 loci on LG 19 (left) and at 24 loci on LG 9 (right) in J-BIW. Locus positions are indicated in the physical maps. The blue color represents the loci where male-specific alleles were observed, and the red color indicates the loci where no heterozygous males were found.

In LG 9, none of the 26 loci investigated showed significant *F*~ST~ between females and males or sex-specific *F*~IS~ in P-SHI and A-HEL ([figs. 2](#mst035-F2){ref-type="fig"} and [3](#mst035-F3){ref-type="fig"} and [supplementary tables S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) and [S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) online). In J-BIW, male-specific alleles were detected at 8 of 24 loci. All these eight loci were found in the first 3.2 Mb region of LG 9, corresponding to 15.8% of the length ([fig. 4](#mst035-F4){ref-type="fig"} and [supplementary table S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) online). Of these, seven showed significant *F*~ST~ values between females and males and four showed negative *F*~IS~ values in males ([supplementary tables S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) and [S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) online). There was no indication of male-specific null alleles in any of the loci located on LG 9.

In LGs 19 and 9, significant linkage disequilibrium between loci was detected for 75 combinations of 1,830 in P-SHI, 43 of 1,830 in A-HEL, and 56 of 1,485 in J-BIW ([supplementary tables S5--S7](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) online). In P-SHI and A-HEL, most of the significant combinations were observed within LG 19 ([supplementary tables S5](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) and [S6](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) online). In contrast, significant linkage disequilibrium was found in combinations between LGs 19 and 9 (18 comparisons), in addition to those within LG 19 (37 comparisons) in J-BIW ([supplementary table S7](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) online). Most of the significant combinations observed between LGs 19 and 9 occurred in comparisons with the loci having male-specific alleles in LG 9.

Phylogenetic Analyses of Sex Chromosome Evolution
-------------------------------------------------

The differentiation patterns of sex chromosomes were investigated in an additional six populations using 23 loci (15 in LG 19 and eight in LG 9; [fig. 1](#mst035-F1){ref-type="fig"} and [supplementary tables S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) and [S8](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) online). In the populations of the Pacific and Atlantic lineages, male-specific alleles and significant *F*~ST~ between sexes were detected for the same 11 loci in LG 19 as in P-SHI and A-HEL (see previous section), except for Gasm13 in A-MAI ([supplementary table S9](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) online). Similarly, significantly high *F*~IS~ values were observed in males for the same four loci in LG 19 as in P-SHI and A-HEL, implying the presence of male-specific null alleles ([supplementary table S8](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) online). No sex-specific patterns were detected for eight loci in LG 9 in any of these populations ([supplementary table S8](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) online). In the J-MAS population from the Japan Sea lineage, male-specific alleles and null alleles were indicated for the same loci as in J-BIW (see previous section; [supplementary tables S8](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) and [S9](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) online).

The neighbor-joining (NJ) tree of *D*~CE~ distances was constructed using the 15 loci from LG 19 in which male-specific alleles were identified. Each sex chromosome was clustered together across all populations with a high bootstrap support (99%), whereas no clustering was found for X and Y chromosomes in the respective populations ([fig. 5](#mst035-F5){ref-type="fig"}*A*). The NJ tree for each locus showed consistent differentiation patterns in most of the loci, independent of chromosomal location ([fig. 6](#mst035-F6){ref-type="fig"}). Similarly, phylogenetic analyses based on eight loci in LG 9 showed that each neo-sex chromosome grouped together with a high bootstrap support (100%) in the Japan Sea lineage ([fig. 5](#mst035-F5){ref-type="fig"}*B*). F[ig]{.smallcaps}. 5.Phylogenetic trees based on *D*~CE~ distances for X (red) and Y chromosomal alleles (blue) at 15 loci on LG 19 (*A*) and at eight loci on LG 9 (*B*) in nine populations. Data from males are indicated in black. Bootstrap supports above 60% are indicated. F[ig]{.smallcaps}. 6.Phylogenetic trees based on *D*~CE~ distances for X (red) and Y chromosomal alleles (blue) at each locus on LG 19 in nine populations. The colors in the physical map indicate allelic patterns at 36 loci on LG 19 in P-SHI, A-HEL, and J-BIW (see [figs. 2--4](#mst035-F2 mst035-F3 mst035-F4){ref-type="fig"} for details). For the loci indicated by two colors, the upper color is based on P-SHI and A-HEL and the lower color J-BIW.

Recombination and Differentiation in Ancestral and Neo-sex Chromosomes
----------------------------------------------------------------------

In the consensus analyses of three families in the Japan Sea lineage, two LGs corresponding to LGs 19 and 9 were identified in the female meiosis with high LOD (logarithm of the odds) scores (≥10.2) in each LG. The female-specific LG 19 map included nine loci, spanning 58.6 centimorgan (cM) with an average intermarker distance of 7.3 cM ([fig. 7](#mst035-F7){ref-type="fig"}*A*). The female-specific LG 9 map consisted of 17 loci, spanning 106.0 cM with an average intermarker distance of 6.6 cM ([fig. 7](#mst035-F7){ref-type="fig"}*A*). Recombination rates between adjacent loci were estimated to be 0.00--9.63 cM/Mb with an average of 4.10 cM/Mb in LG 19 and 0.00--34.38 cM/Mb with an average of 8.00 cM/Mb in LG 9 ([fig. 7](#mst035-F7){ref-type="fig"}*A*). F[ig]{.smallcaps}. 7.Recombination rates (red) and genetic linkage maps for LGs 19 and 9 in female meiosis (*A*) and male meiosis (*B*) in J-BIW. *D*~EST~ values and 95% confidence intervals (blue) are shown in (*B*). Recombination rates are plotted against intermediate physical location between adjacent loci. The numbers in the linkage maps represent genetic map distances in Kosambi centimorgan (cM). The colors in the physical maps indicate allelic patterns at 55 loci on LGs 19 and 9 in J-BIW (see [fig. 4](#mst035-F4){ref-type="fig"} for details).

One LG was obtained for the male meiosis with a high LOD score (56.8) between the adjacent linked loci of LGs 19 and 9. The male-specific linkage map comprised 20 loci, spanning 145.0 cM with intermarker distances of 0.0--76.3 cM ([fig. 7](#mst035-F7){ref-type="fig"}*B*). Recombination rates between adjacent loci varied from 0.00 to 28.31 cM/Mb with an average of 4.10 cM/Mb ([fig. 7](#mst035-F7){ref-type="fig"}*B*). No recombination was detected between loci spanning from 4.0 Mb of LG 19 to 7.0 Mb of LG 9, which resulted in a total length of 23.2 Mb. The recombinationally suppressed region reached 80.2% of LG 19 and 34.4% of LG 9, or 57.3% of LGs 19 and 9 combined. Furthermore, considerably low recombination rates (0.23--0.42 cM/Mb) were observed in the region between 7.0 Mb and 15.4 Mb in LG 9, resulting in a shorter linkage distance of this region in the male map (2.2 cM) than in the female map (49.9 cM). The recombination rate increased to 10.33 cM/Mb in the region between 15.4 Mb and 19.7 Mb and to 28.31 cM/Mb in the region between 19.7 Mb and 20.2 Mb in LG 9, although no recombination was found in the latter region in the female meiosis. Similarly, high recombination rates (16.90--21.69 cM/Mb) were observed in the first 4.0 Mb region of LG 19 ([fig. 7](#mst035-F7){ref-type="fig"}*B*). In this region, the linkage distance in the male map was considerably longer (84.4 cM) than that in the female map (18.4 cM).

The patterns of differentiation between the sex chromosomes were further assessed by the level of genetic differentiation as measured by *D*~EST~ ([fig. 7](#mst035-F7){ref-type="fig"}*B*). In LG 19, significant genetic differentiation was observed in all loci except for the three loci located in the first 1.6 Mb region ([fig. 7](#mst035-F7){ref-type="fig"}*B*). The *D*~EST~ was relatively constant (0.35--0.45) across the region between 3.2 Mb and 7.0 Mb. Although considerably high *D*~EST~ values (0.73--1.00) were observed for some loci, the *D*~EST~ varied from 0.07 to 1.00 in the region between 7.4 Mb and 15.9 Mb irrespective of chromosome location. In this region, the lowest *D*~EST~ value (0.07) was found for the locus where the numbers of X and Y chromosomal alleles were remarkably high (29 and 11, respectively). In LG 9, the highest *D*~EST~ value (0.55) was observed for the locus located proximally at the left end (0.05 Mb) of this LG ([fig. 7](#mst035-F7){ref-type="fig"}*B*). The *D*~EST~ decreased gradually with increasing distance from the end in the first 5.7 Mb region ([fig. 7](#mst035-F7){ref-type="fig"}*B*). No significant differentiation was observed in the region between 5.7 Mb and 20.2 Mb.

Discussion
==========

The results provide an overview of the genetic differentiation and evolutionary dynamics of the ancestral and neo-sex chromosomes of threespine sticklebacks. Contrasting levels of differentiation were uncovered between the ancestral and neo-sex chromosomes: Although the ancestral sex chromosomes were highly and extensively differentiated in all divergent lineages, genetic differentiation was detected only in a small region of the neo-sex chromosomes. The integrative analyses of genetic differentiation and recombination restriction provided a detailed picture of the process of neo-sex chromosome differentiation. In what follows, we discuss these and related issues in the context of theoretical and empirical knowledge regarding the processes of sex chromosome differentiation and evolution.

Evolutionary Pattern of Ancestral Sex Chromosomes
-------------------------------------------------

Stickleback fishes have experienced the rapid turnover of sex determination and sex chromosome systems ([@mst035-B76]). As such, their sex chromosomes are believed to be at an early stage of evolution. However, our results demonstrated that the ancestral sex chromosomes of threespine sticklebacks are highly differentiated from each other throughout most of their length in all divergent lineages, as shown by the chromosome-wide distributions of loci exhibiting sex-specific allelic patterns. Had the sex chromosomes evolved rapidly within the last 2 My, one would expect to observe different allelic patterns at several loci among the divergent lineages. However, our results revealed that allelic patterns at many loci were identical among these lineages. In addition, a putative pseudoautosomal region was confined in the same chromosomal region in all lineages. Similarly, several loci with male-specific null alleles were commonly found in a large chromosomal region in which a large deletion has been identified in the Y chromosome of the Pacific lineage ([@mst035-B75]). Thus, our results suggest that the contemporary genetic differentiation and organizations of the ancestral sex chromosomes have been formed mainly before the divergence of the Japan Sea and other lineages. Furthermore, the phylogenetic analyses based on X and Y chromosomal alleles support the hypothetical scenario that the ancestral sex chromosomes have extensively diverged before the split of these lineages. A similar divergence pattern was observed in short fragment sequences around the putative sex-determining locus ([@mst035-B71]), although this could be a consequence of a tight physical linkage between sequenced sites and the sex-determining locus. The results from our chromosome-wide survey demonstrate a consistent divergence pattern across the ancestral sex chromosomes, implying that the genetic differentiation detected throughout these chromosomes has evolved earlier than 2 Ma.

Although chromosomal organizations are apparently highly conserved in the ancestral sex chromosomes among the divergent lineages, different sex-specific allelic patterns were identified in some of the loci located in the central chromosomal region. All these different patterns were based on the difference in Y chromosomal amplification between the Japan Sea and other lineages. Because Y chromosomal null alleles were not biased toward a particular lineage, it is unlikely that these differences resulted from the fact that all primers were designed based on the genomic sequences of Pacific lineage individuals. Molecular cytogenetic analyses with the Pacific lineage suggested possible multiple inversions in the same region of the Y chromosome ([@mst035-B75]). Therefore, ancestral Y chromosome rearrangements might have occurred differently between the Japan Sea lineage and other lineages in this genomic region. Alternatively, degeneration of the Y chromosome might have occurred differently in this region. Furthermore, it is also possible that the rearrangements and degeneration of the ancestral Y chromosome in the Japan Sea lineage have been affected by the formation of neo-sex chromosomes. Our results also indicated varying levels of genetic differentiation between the ancestral sex chromosomes in the region where multiple inversions were identified in the Y chromosome ([@mst035-B75]). The different levels of differentiation might have resulted from the Y chromosome rearrangements, although other factors such as different mutation rates or evolutionary histories of the loci cannot be ruled out. Further comparative analyses of these divergent lineages with the Y chromosome sequences would provide insight into what kinds of rearrangements and degeneration have evolved before and after the split of these lineages.

As commonly observed in organisms with highly differentiated sex chromosomes ([@mst035-B9]; [@mst035-B36]), recombination has been extensively suppressed between the ancestral sex chromosomes of the Japan Sea lineage. Our results demonstrated that recombination frequency during male meiosis is not only reduced in the sex-determining region but is also increased in the pseudoautosomal region of these chromosomes. Increased recombination in the heterogametic sex relative to the homogametic sex in a pseudoautosomal region has been reported in a limited number of organisms, such as the human and mouse ([@mst035-B28]; [@mst035-B72]; [@mst035-B65]). Recombination frequency in a pseudoautosomal region is estimated to be 10-fold greater in males than females in the human and 7-fold greater in the mouse ([@mst035-B79]; [@mst035-B87]). In fish, a similar result was observed in the Japanese medaka ([@mst035-B48]). A possible explanation for this phenomenon is that at least one crossover is required for the proper segregation of the sex chromosomes during meiosis in many species, and consequently, recombination occurs exclusively in a small pseudoautosomal region in the heterogametic sex ([@mst035-B79]; [@mst035-B87]). Our study showed that recombination frequency in the pseudoautosomal region is 4.6 times higher in male than in female meiosis in the threespine sticklebacks of the Japan Sea lineage. In contrast, the ratio was estimated to be 1.3 times in the males than females of the Pacific lineage ([@mst035-B65]). The considerable difference observed between these lineages could be due to the extensive recombination restriction across the ancestral and neo-sex chromosomes caused by the formation of a neo-sex chromosome system in the Japan Sea lineage.

Genetic Differentiation of Neo-sex Chromosomes
----------------------------------------------

Clearly distinct levels and patterns of genetic differentiation were uncovered between the ancestral and neo-sex chromosomes of the Japan Sea lineage. In contrast to the ancestral sex chromosomes, loci with sex-specific allelic patterns were observed only in a small region at one end of the neo-sex chromosomes. Furthermore, no male-specific null alleles were detected at any loci, offering no indications of an identifiable inversion or deletion. In the region where male-specific alleles were identified, the level of genetic differentiation was highest at the end of the chromosomes and decreased with increasing distance from the chromosome end. Thus, our results suggest that genetic differentiation was initiated at the fusion point in the neo-sex chromosomes followed by gradual spread to neighboring regions. The analyses of recombination frequency further provided a detailed picture of the processes of recombination restriction and differentiation in the neo-sex chromosomes. For instance, it is evident that recombination restriction has extensively and continuously evolved in a large region spanning the ancestral and the neo-sex chromosomes, implying that the neo-Y chromosome of this region cosegregates with the sex-determining locus. In the neo-sex chromosomes, recombination is suppressed over a larger chromosomal region (7.0 Mb) than the region where genetic differentiation is observed (3.2 Mb). In addition, recombination is apparently reduced at a distance as far as 15.4 Mb. Because differentiation of sex chromosomes occurs after recombination suppression ([@mst035-B8]), it appears that genetic differentiation of the neo-sex chromosomes has gradually spread from the end where the neo-Y chromosome has fused to the ancestral Y, following the extension of recombination suppression. Thus, our results suggest that the progression of differentiation between the neo-sex chromosomes of the threespine stickleback is gradual, rather than a consequence of large inversions or other chromosomal rearrangements.

A recent study of birds found that neo-sex chromosomes were formed in Sylvioidea species as a result of the fusion of a part of an autosome to the ancestral sex chromosomes ([@mst035-B67]). Similar to our results, differentiation patterns of the neo-sex chromosomes suggested that suppression of recombination has spread from the distal region closely proximate to the ancestral sex chromosomes ([@mst035-B66]). These observations are in line with the theoretical expectation that recombination between neo-sex chromosomes ceases due to translocation of autosomal elements into nonrecombining ancestral sex chromosomes, emphasizing the importance of physical linkage for the initial differentiation of neo-sex chromosomes ([@mst035-B73]; [@mst035-B23]; [@mst035-B95]; [@mst035-B19]). Furthermore, selection that favors linkage between the sex-determining locus and sexually antagonistic genes might have promoted a reduction of recombination between the neo-sex chromosomes ([@mst035-B73]; [@mst035-B9]). Interestingly, it has been shown that the newly formed neo-sex chromosomes of the threespine stickleback are involved in male courtship behavior, which might be subject to sexually antagonistic selection ([@mst035-B47]). However, a genomic region determining this trait is located on the opposite side of the chromosomal region to where differentiation and recombination suppression have been established. In addition, there is little evidence for linkage disequilibrium between sex-linked loci in the ancestral sex chromosomes and the genomic region determining courtship behavior in the neo-sex chromosomes. Thus, it is unlikely that restriction of recombination between the neo-sex chromosomes was induced by genes responsible for this trait.

The evolutionary dynamics of neo-sex chromosomes have been intensively studied in *Drosophila* as a model of sex chromosome evolution ([@mst035-B44]). Although the neo-sex chromosomes of *Drosophila miranda* were formed approximately 1 Ma due to a fusion between the ancestral Y chromosome and an autosome ([@mst035-B5]), the entire region of these chromosomes has ceased recombining simultaneously after the rearrangement event, leading to a rapid differentiation ([@mst035-B6]). Approximately half of the genes on the neo-Y chromosome have lost function due to the degeneration of this chromosome ([@mst035-B6]). Moreover, dosage compensation has partially evolved in the neo-X chromosome ([@mst035-B89]; [@mst035-B3]). It has also been demonstrated that deleterious mutations have already accumulated in the neo-Y chromosome of *D*. *albomicans*, which was formed only 0.12 Ma ([@mst035-B101]). Based on the assumption that the fusion between the ancestral Y and the neo-Y chromosomes had a role in the divergence of ancestral threespine sticklebacks of the Japan Sea and Pacific lineages ([@mst035-B47]), a reduction of recombination between the neo-sex chromosomes could have initiated approximately 2 Ma. In contrast to *Drosophila* with achiasmatic meiotic systems, the progression patterns of recombination restriction and differentiation are apparently gradual and continuous in the neo-sex chromosomes of the threespine stickleback. It has been also suggested that the levels of differentiation and degeneration in ancestral sex chromosomes might affect the process of neo-sex chromosome differentiation ([@mst035-B18]; [@mst035-B4]). In fact, the ancestral sex chromosomes of *Drosophila* are likely to be much older than those of the threespine stickleback, in which dosage compensation has not evolved yet ([@mst035-B52]). However, despite the highly evolved ancestral sex chromosomes of birds, the neo-sex chromosomes of the Sylvioidea appear to have been recombining over a considerable period of evolutionary time after the fusion event, exhibiting a gradual reduction of recombination as in the threespine stickleback ([@mst035-B66]). These studies highlight a variety of factors potentially influencing neo-sex chromosome evolution. However, because such empirical studies are still scarce, more work is required for a better understanding of the evolutionary dynamics of neo-sex chromosomes and molecular mechanisms underlying recombination suppression and differentiation.

Microsatellite analyses provided a clear picture of the differentiation state of evolutionarily young neo-sex chromosomes. In addition, phylogenetic analyses based on these loci verified the evolutionary origin and divergence of these chromosomes. The great advantage of microsatellites lies in their high mutation rate, as estimated to be approximately 10^−4^ in fish ([@mst035-B30]; [@mst035-B85]; [@mst035-B54]). This rate is considerably higher than that of single-nucleotide polymorphisms, which is considered to be 10^−8^--10^−10^ ([@mst035-B7]). Despite a progressive reduction of recombination in up to approximately 2 My of evolutionary time, allelic reduction and differentiation could be apparent at microsatellite loci owing to their high sensitivity to population bottlenecks and genetic drift, which are expected to increase in nonrecombining sex chromosomes due to their smaller effective population sizes when compared with autosomes ([@mst035-B26]). In addition, new mutations could arise at microsatellite loci even in such a short evolutionary time scale, which would increase the chance to minimize the background signatures of ancestrally shared polymorphisms ([@mst035-B81]). Our study identified a gap between the regions showing genetic differentiation and recombination restriction in the neo-sex chromosomes. This gap could result from a time lag until certain alleles or new mutations accumulate on different neo-sex chromosomes after recombination cessation. In contrast to microsatellites, less polymorphic markers with lower mutation rates are likely to be less sensitive in detecting genetic differentiation in recently evolved sex chromosomes.

Conclusions
===========

Our comparative analyses of different threespine stickleback lineages revealed genetic transitions in the ancestral and neo-sex chromosomes in a short evolutionary time period. The results further suggest that the processes of reduced recombination and genetic differentiation between the neo-sex chromosomes are gradual, rather than a consequence of large inversions or other chromosomal rearrangements. Thus, our study empirically supports the theoretical model that recombination suppression and differentiation proceed in a gradual manner in the very early stage of sex chromosome evolution. The findings also suggest that recombination restriction in the neo-sex chromosomes was induced by the physical linkage between the ancestral and neo-Y chromosomes. In addition, although the ancestral sex chromosomes are highly differentiated and evolutionarily stable, recombination in the pseudoautosomal region is likely accelerated due to extensive and continuous recombination suppression across the ancestral and neo-sex chromosomes as a consequence of the new formation of a neo-sex chromosome system. Thus, our results emphasize the potential importance of interaction between the ancestral and neo-sex chromosomes in their evolutionary context. Based on our study, the sex chromosome system of the Japan Sea lineage promises to serve as an important model for further understanding of the molecular processes of sex chromosome differentiation and evolution.

Materials and Methods
=====================

Samples
-------

Threespine sticklebacks were collected from nine globally distributed populations using minnow traps and nets ([fig. 1](#mst035-F1){ref-type="fig"} and [supplementary table S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) online). These populations were classified into the Pacific (P-SHI, P-TOW, and P-WES), Atlantic (A-HEL, A-KIN, A-MYV, and A-MAI), and Japan Sea lineages (J-BIW and J-MAS), based on their distribution and morphological characteristics ([@mst035-B37]; [@mst035-B39]; [@mst035-B40]). For each population, 46--54 adult fish were used for genetic analyses ([supplementary table S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) online). Phenotypic sex was determined by secondary sex characteristics and visual inspections of the gonads. Genetic differentiation of sex chromosomes were intensively analyzed using three populations (P-SHI, A-HEL, and J-BIW) representing the three divergent lineages with 63 microsatellite loci. Genetic analyses of the remaining six populations were conducted using the 23 loci where male-specific alleles were detected for at least one population in the initial survey (see Results for details). This enabled comparative analyses on the amplification and differentiation of X and Y chromosomal alleles at the 23 loci across the nine populations, as well as phylogenetic analyses based on X and Y chromosomal alleles at these loci. Genotyping data for 14 loci in A-HEL population were obtained from a previous study ([@mst035-B82]).

For recombination and linkage analyses in the ancestral and neo-sex chromosomes of the Japan Sea lineage, three full-sib families were produced in J-BIW population by means of artificial crosses with wild parental fish according to [@mst035-B83]. These F~1~ fish were held in three 90 -l aquaria at 17 °C up to 400 days after hatching. In total, 197 individuals consisting of six parents and the191 F~1~ offspring (63 or 64 per family) were genotyped for 36 loci in which no male-specific null alleles were identified in this population (see Results).

Genotyping
----------

Tissue samples were digested with proteinase K, and total genomic DNA was extracted using a silica-based purification method ([@mst035-B29]). A total of 63 microsatellite loci, comprising 36 loci on LG 19 and 27 on LG9, were selected to span widely these chromosomes based on their physical locations in the reference genome sequence of the threespine stickleback ([supplementary table S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) online). Of these, 38 loci were chosen from previous studies ([@mst035-B70]; [@mst035-B55]; [@mst035-B82]; [@mst035-B84]). Novel primer pairs were developed for additional 25 loci with the genome sequence using WebSat ([@mst035-B58]). These primers were deposited in the National Center for Biotechnology Information Probe Database (PUIDs 16584713--16584737; [supplementary table S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) online). Polymerase chain reaction (PCR) amplifications of microsatellite loci were conducted using the Qiagen Multiplex PCR Kit (Qiagen) in a reaction volume of 10 µl consisting of approximately 20 ng of template DNA, 1× Multiplex PCR Master Mix, 0.5× Q-Solution, and 2 pmol of each primer. Thermocycling conditions were as follows: initial denaturation at 95 °C for 15 min, followed by 30 cycles of 30 s at 94 °C, 90 s at 53 °C, and 60 s at 72 °C and a final extension at 60 °C for 5 min. Amplified fragments were visualized with a MegaBACE 1000 automated sequencer (Amersham Biosciences) using ET-ROX 550 size standard (Amersham Biosciences) and analyzed using Fragment Profiler 1.2 (Amersham Biosciences). All alleles were scored by H.M.N. and double checked by T.S.

Data Analyses
-------------

The number of alleles, observed and expected heterozygosities, and *F*~IS~ were calculated using FSTAT 2.9.3 ([@mst035-B35]). The significance of *F*~IS~ was determined by 10,000 permutations. These parameters were estimated for each population, as well as for respective sexes to investigate amplification of X and Y chromosomal alleles and differentiation between these alleles. Linkage disequilibrium between all pairs of loci was tested in each population using Genepop 4.0 ([@mst035-B78]). Genetic differentiation between sex chromosomes was evaluated based on *F*~ST~ between females and males, as well as the presence of male-specific alleles. *F*~ST~ values and their significance were determined using Genepop with Markov chain parameters of 10,000 dememorization steps, 100 batches, and 5,000 iterations per patch. Male-specific alleles were identified by comparing allele distributions and genotypic frequencies between males and females using GenAlEx 6.5 ([@mst035-B68]). In theory, *F*~IS~ has a tendency to be negative in heterogametic males but not in homogametic females when Y-specific alleles are present. In the regions where Y chromosome degeneration, deletion, or inversion has occurred, no heterozygous individuals can be observed in males due to no amplification of Y chromosomal alleles. Accordingly, observed heterozygosity and *F*~IS~ are expected to be largely different between sexes in these regions, exhibiting significantly positive *F*~IS~ in males but not in females. In contrast, significantly positive *F*~IS~ values can be found independently of sex when null alleles are commonly present in both X and Y chromosomes. Because such patterns were identified at Gasm14 and GR1 in P-SHI, at Gasm10 and Gasm30 in A-HEL, and at Gasm28 and Gasm29 in J-BIW ([supplementary table S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) online), these loci were removed from the analyses of sex chromosome differentiation. In addition, because no amplification or polymorphism was detected for Gasm3, Gasm17, PKMa, Gasm11, Gasm7, and Gasm22 in J-BIW, for Gasm16 and Gasm26 in P-TOW, and for HSP90B and Gasm26 in A-MYV ([supplementary tables S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) and [S8](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) online), these loci were not included in the analyses. Standard Bonferroni corrections were applied for all multiple comparisons.

To address whether the ancestral sex chromosomes have genetically differentiated from each other before or after the divergence of the three lineages, phylogenetic relationships were assessed in terms of sex chromosomes and populations using Cavalli-Sforza--Edwards distances (*D*~CE~; [@mst035-B13]), which do not assume constant population sizes or constant mutation rates across loci. This analysis was conducted based on the X and Y chromosomal alleles identified in males using the loci where male-specific alleles were detected. Phylogenetic relationships were constructed with the NJ method using Populations 1.2.31 ([@mst035-B51]). Confidence in tree nodes was determined with 1,000 bootstraps across loci. Phylogenetic relationships were also investigated for each locus to assess whether heterogeneous differentiation patterns are observed across the ancestral sex chromosomes. In addition, phylogenetic analyses were conducted for neo-sex chromosomes using the neo-X and neo-Y chromosomal alleles identified in males. Because no sex-specific alleles were expected to be observed in the Pacific and Atlantic lineages due to the absence of the neo-sex chromosome system, male data of these populations were used for the analyses.

Recombination and linkage analyses in the Japan Sea lineage were conducted for female and male meioses using JoinMap 4.1 ([@mst035-B88]; [@mst035-B94]). In each family, pairwise recombination frequencies were calculated based on a threshold range from 0.50 to 0.00 with a step value of −0.05. Linkage between loci was detected based on these estimates. In all the three full-sib families used for the analyses, two LGs were identified in the female meiosis and one in the male meiosis. Locus orders and distances in consensus linkage maps were determined by the mean recombination frequencies and combined LOD scores of three family data using the regression mapping approach with a LOD threshold of 3.0 and goodness-of-fit jump threshold of 3.0. In the consensus analyses, significant linkage was detected for 26 loci in the female meiosis and 20 loci in the male meiosis. The Kosambi mapping function was used to convert recombination frequencies to map distances in cM. Recombination rates were given as cM/Mb based on the genetic and physical distances between adjacent loci. Recombination frequencies in a pseudoautosomal region were calculated for female and male meioses based on map distances following [@mst035-B65].

For comprehensive analyses of sex chromosome differentiation in the Japan Sea lineage, the degree and patterns of genetic differentiation between sex chromosomes were assessed based on X and Y chromosome haplotypes. The pseudo-Bayesian ELB algorithm as implemented in Arlequin 3.5 ([@mst035-B32]) was used to determine the most probable haplotype constitution ([@mst035-B31]). The analysis was conducted for LGs 19 and 9 separately under the following settings: Dirichlet prior alpha value, 0.01; epsilon value, 0.2; heterozygote site influence zone, 5; gamma value, 0.01; sampling interval, 500; no. of samples, 2,000; burn-in steps, 100,000; and recombination steps, 0%. Loci with male-specific null alleles were removed from the analysis. Two loci, Stn235 and Stn190, on LG 19 were not included in the haplotype estimation because male-specific alleles were erroneously assigned to X chromosome alleles due to no polymorphism in females. The X and Y haplotypes of each individual were determined based on male-specific alleles. The level of genetic differentiation between X and Y chromosomes was evaluated using the actual differentiation *D*~EST~ proposed by [@mst035-B43], which is independent of heterozygosity, and is thus suitable for highly polymorphic markers such as microsatellites ([@mst035-B43]; [@mst035-B34]). The analysis was performed using SMOGD ([@mst035-B22]) with 1,000 bootstraps to estimate the 95% confidence interval of each locus.

As the genome sequence of the Y chromosome is not available in the threespine stickleback, the physical locations of marker loci were determined based on the reference genome sequence of a female individual in the Pacific lineage ([supplementary table S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) online). The orientation of six loci in the supercontig 3 (3.8--20.2 Mb) of LG 19 in our genetic linkage map was inverted when compared with the reference genome sequence (see Results) due to a possible error in the genome sequence ([@mst035-B75]), as observed for the loci of this supercontig in a linkage map of the Pacific lineage ([@mst035-B71]). Therefore, marker locations on LG 19 were determined by reversing the supercontig 3 sequence ([supplementary table S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) online), according to [@mst035-B75]. Similarly, the orientation of 10 loci in the supercontig 8 (4.3--17.9 Mb) of LG 9 was consistently reversed when compared with the reference genome sequence (see Results). Because the order of loci in this region is also inverted in a linkage map of the Pacific lineage ([@mst035-B70]), this could be due to an error in the reference genome sequence rather than a lineage-specific chromosomal rearrangement. Therefore, the same correction was implemented for marker locations on this supercontig ([supplementary table S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) online).

Supplementary Material
======================

[Supplementary tables S1--S9](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst035/-/DC1) are available at *Molecular Biology and Evolution* online (<http://www.mbe.oxfordjournals.org/>).
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